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The performance of light emitting and light harvesting devices is improved by utilis-
ing resonant energy transfer. In lighting applications, the emission energy of a semi-
conductor heterostructure and the absorption of organic dyes or colloidal quantum
dots (QDs) are engineered so that the excitations in the semiconductor heterostruc-
ture can be transferred to the light emitters by means of resonant energy transfer.
The emitters subsequently emit colour-tunable light ranging from the visible to the
near-infrared. As a result, a twofold enhancement of QD emission is demonstrated
in a hybrid QD/semiconductor heterostructure. In light harvesting applications, a
hybrid structure of colloidal QDs and a quantum well (QW) p-i-n heterostructure
is investigated. After highly absorbing QDs absorb photons, the excitations are
eciently transferred to a QW p-i-n heterostructure via resonant energy transfer.
The generated electron-hole pairs in the heterostructure are subsequently separated
by the built-in electric eld and collected by the corresponding electrodes. In order
to increase the energy transfer rate, the donor-acceptor separation distance is min-
imised by fabricating channel structures on the heterostructure surface penetrating
its active layers. Consequently, a sixfold enhancement of photocurrent conversion
eciency is demonstrated. Photocurrent of the hybrid structure is further improved
by replacing the QW heterostructure with a bulk p-i-n heterostructure which has
higher carrier transport eciency. Hence, the photocurrent of the hybrid bulk het-
erostructure is about two orders of magnitude higher than that of the hybrid QW
heterostructure. The proposed hybrid structures oer ecient light harvesting de-
vices where high absorption of the colloidal QDs is utilised and their low charge
transfer is overcome.Acknowledgements
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Introduction
Resonant energy transfer (RET) [1, 2] is an interaction between donors and ac-
ceptors where excitation energy of the donors can be nonradiatively transferred
to the acceptors. Resonant energy transfer was rst experimentally observed by
Cario and Franck in 1923 [3]. First experimentally studied in molecular systems,
resonant energy transfer has been investigated in various material systems such as
hybrid structures of semiconductor quantum wells (QWs) and colloidal quantum
dots (QDs) [4, 5, 6], hybrid structures of semiconductor QWs and organic mate-
rials [7, 8], layer-by-layer polymer lms [9, 10] and colloidal QDs [11, 12]. There
are many applications of resonant energy transfer including light emitting diodes
(LEDs) [13, 14], organic light emitting diodes (OLEDs) [15, 16, 17], lasers [18, 19],
biosensors [20, 21], light harvesting devices [22, 23] etc.
In order to address the impending shortage of energy resources, the studies
here will focus on improving the performance of light emitting and light harvesting
devices by utilising resonant energy transfer. Since light emitting devices consume
1Chapter 1. Introduction 2
almost 20% of worldwide energy usage, a considerable amount of energy can be
saved if the eciency of these devices is improved. There have been many eorts
to produce highly ecient light emitting devices during the last decades. Owing to
mature technology of semiconductor fabrication, solid state light emitting devices
with high internal quantum eciency can be produced [24]. However, these light
emitting devices suer from total internal reection at the device/air interface due
to high refractive index (n) of the device materials compared to the refractive index
of air (nGaN=2.3, nGaAs=3.3, nair=1). It was reported that for GaN-based LEDs,
6% of light was emitted to air from the top surface of the LEDs, while 22% was
trapped by total internal reection and 66% was trapped to optical guided modes
in the LEDs [25]. Improving light extraction eciency is another area of research
which attracted much attention from researchers in the past decades. Surface-
patterned [26, 27, 28], ip-chip [29, 30], and photonic crystal LEDs [31, 32, 33] are
examples of solid state LEDs with improved light extraction eciency. Recently,
photonic crystal GaN-based LEDs with 73% light extraction eciency has been
demonstrated [34].
Solid-state LEDs provide various light colours ranging from ultraviolet to
infrared. The emission of InGaN/GaN QW LEDs, for instance, can be tuned from
ultraviolet to green colour by increasing the indium composition or the thickness
of the QWs. However, as increasing the indium composition and the thickness of
the QWs, phase segregation of indium and lattice mismatch between InGaN and
GaN degrade quality of the LEDs [35]. To achieve a broad spectrum of desirable
colours, materials with dierent band gaps are needed to use as emissive layers of
the LEDs, for example, GaAs, AlGaAs and GaP provide emission spectra rangingChapter 1. Introduction 3
from yellow to near-infrared colour while GaN, InGaN can be used in ultraviolet,
blue and green regions.
An alternative way to produce multi-colour LEDs is to use hybrid structures
of GaN-based LEDs and colloidal QD emitters. The GaN-based LED emits ener-
getic photons which are subsequently absorbed by the QD emitters. The excited
carriers in the QDs rapidly relax to the band edge and nally return to the ground
states radiatively by emitting lower energy photons or nonradiatively via phonon
scattering. Therefore, the colour of this colour-conversion LED can be simply chosen
from size or material compositions of the QD emitters.
Having served as the main source for energy, non-renewable energy resources
such as coal, petroleum and natural gas are depleted continuously. The lack of
non-renewable energy resources may become a serious problem in the near future.
Among various renewable energy sources such as wind, tidal waves and hydro power,
solar power is a promising alternative. It was reported that the solar energy that
struck the earth in one hour was enough for one year global energy consumption
[36]. Many studies have been carried out in order to nd ecient methods of using
the solar power. Photovoltaic (PV) cells are the main devices being used to extract
the energy from the solar radiation.
Due to the progress of chemical synthesis, colloidal QDs [37, 38] oer low-
cost, solution-process, large area features to PV applications [39, 40, 41]. Owing
to excellent optical properties of the colloidal QDs such as high absorption and
wavelength tunability, there have been many attempts during the last decades to
incorporate colloidal QDs into PV cells [42, 43, 44]. Although the thermodynamicChapter 1. Introduction 4
limit of a single band gap PV cell limits the cell eciency to 31% [45], the eciency
of colloidal QD PV cells as high as 60% was proposed [46].
This thesis is focused on a study of resonant energy transfer in light emit-
ting and light harvesting devices. The theories of resonant energy transfer, optical
transitions and operating principles of light emitting and light harvesting devices
are presented in Chapter 2.
Resonant energy transfer in a hybrid organic/inorganic heterostructure is
optically studied in Chapter 3. By engineering the energy band of a GaAs single
QW and organic dye emitters, optical excitation energy of the single QW can be
transferred to the organic dye emitters via resonant energy transfer. The simul-
taneous increase of the QW population decay rate and the organic dye rise time
provide conclusive evidence of resonant energy transfer in the hybrid structure. The
combination of the GaAs single QWs and the organic dye emitters provides light
emission in the near-infrared region.
Hybrid colour-conversion LEDs consisting of surfaced-patterned GaN-based
LEDs and colloidal QDs are investigated in Chapter 4. Here, carriers are electrically
injected to the LED and the excitation energy of the LED is transferred to the QD
emitters whose emission is in the visible region. A twofold increase of the QD
emission in this hybrid LED is achieved owing to resonant energy transfer.
In Chapter 5, hybrid structures of colloidal QDs and patterned semiconduc-
tor heterostructures are designed and fabricated to use in light harvesting applica-
tions. Excitation energy can be transferred from colloidal QDs with high absorption
to a patterned semiconductor heterostructure possessing relatively high carrier mo-
bility via resonant energy transfer. This conguration oers ecient light harvestingChapter 1. Introduction 5
devices where high absorption and wide spectrum of colloidal QDs are utilised while
their low carrier transfer is circumvented.Chapter 2
Theoretical Background
2.1 Interband transition
Interband transition of electronic states is a fundamental principle of many opto-
electronic devices such as photodiodes, PV cells and LEDs. To form semiconductor
crystals, isolated atoms with discrete energy levels are packed into a crystal struc-
ture. The atoms in the crystal are in close proximity to each other resulting in the
overlap of the electron wave functions. Consequently, the degenerate energy levels
are split due to the Pauli exclusion principle. The splitting leads to the formation
of energy bands so called the valence band and the conduction band. For nondegen-
erate semiconductors where a low level of doping atoms is introduced, the valence
band is fully occupied by electrons and the conduction band is empty at absolute
zero temperature.
6Chapter 2. Theoretical Background 7
2.1.1 Absorption
For direct band gap semiconductors, the minimum of the conduction band and the
maximum of the valence band are at the zone centre (k = 0) of the Brillouin zone.
The band gap is determined by the energy dierence of the energy bands at the
zone centre. Photons with energy greater than the band gap can excite valence
electrons to the conduction band. Since the momentum of photons is negligible
compared to that of electrons, the wave vector of electrons remains the same after
being excited from the valence band to the conduction band as shown by a straight
arrow in gure 2.1. The transition rate is given by Fermi's golden rule:
Wi!f =
2
~
jMj
2 g(~!); (2.1)
where M and g(~!) are the matrix element and the joint density of states respec-
Figure 2.1: Energy band of bulk semiconductor materials. The heavy hole (HH)
and light hole (LH) bands are degenerate at k=0.  is split-o energy of the
split-o (SO) band
tively. The transition from p-like states of the valence band to s-like states of theChapter 2. Theoretical Background 8
conduction band is allowed according to the selection rules of bulk semiconductors.
Hence, the transition rate is proportional to the joint density of states and given
by:
g(~!) = 0 for ~! < Eg; (2.2)
g(~!) =
1
22

2
~2
3=2
(~!   Eg)
1=2 for ~!  Eg; (2.3)
where the reduced mass is given by  1 = m 1
e +m 1
h and me and mh are electron
and hole eective mass respectively. There is no absorption for photons possessing
energy less than the energy band gap (~! < Eg) whereas the absorption scales with
(~!   Eg)
1=2 for ~!  Eg as shown in gure 2.2.
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Figure 2.2: Density of states of bulk semiconductors (red solid line), QWs (black
dashed line) and QDs (green solid lines)
Quantum connement in semiconductors has inuence on the characteristics
of joint density of states and consequently the optical transition. While joint density
of states of two-dimensional semiconductors or QWs has a step-like structure, that
of zero-dimensional semiconductors or QDs has discrete structures.Chapter 2. Theoretical Background 9
2.1.2 Luminescence
After being excited to the conduction band, electrons rapidly relax to the lower en-
ergy states by emitting phonons. The phonons which are involved in each relaxation
step have to satisfy conservation of energy and momentum. The electron-phonon
coupling occurs in a short time scale (100 fs) compared to the radiative decay rate
(1-10 ns in direct band gap semiconductors). Therefore, the excited electrons relax
to the bottom of the conduction band and form thermal distribution before under-
going radiative decay. The same process applies to holes in the valence band. The
thermalised carriers can also undergo nonradiative recombination via trap centres
or phonon emission. If the nonradiative recombination rate exceeds the radiative
recombination, little light will be emitted resulting in low quality LEDs. Quantum
eciency of solids is given by:
Q =
kr
kr + knr
; (2.4)
where kr and knr are radiative and nonradiative decay rate respectively. The quan-
tum eciency approaches 1 when the radiative rate is much more than the nonra-
diative rate (kr >> knr).
The luminescence spectrum of semiconductors can be described by:
I(~!) / jMj
2 g(~!)f(~!); (2.5)
where f(~!) is the occupancy factor for the electron state in the conduction band
and the hole state in the valence band. At low carrier densities, the distribution
of electrons in the conduction band and that of holes in the valence band can beChapter 2. Theoretical Background 10
approximated by Boltzmann statistics:
f(E) / e E=kBT; (2.6)
where kB and T are Boltzmann constant and absolute temperature respectively.
Hence, the luminescence spectrum from equation 2.5 is given by:
I(~!) / (~!   Eg)1=2e (~! Eg)=kBT; (2.7)
The luminescence spectrum has a sharp rise at energy band gap described by the
factor (~! Eg)1=2 and followed with an exponential drop associated with the factor
e (~! Eg)=kBT. The spectral width can be approximated to be kBT.
2.2 Excitons
As a result of photon absorption, the interband transition creates an electron in the
conduction band and a hole in the valence band. The electron and hole can bind
together with Coulomb attraction and form excitons. Excitons can modify optical
properties of materials such as absorption and luminescence. There are two types
of excitons, Wannier-Mott excitons and Frenkel excitons.
2.2.1 Wannier-Mott excitons
Wannier-Mott excitons or free excitons are generally observed in semiconductor ma-
terials. The excitons can move freely in the crystals and encompass many unit cells
(50000 unit cells for GaAs). The bound electron-hole state can be approximatelyChapter 2. Theoretical Background 11
described by Bohr model. The exciton energy is quantised and the binding energy
of the nth level is given by:
Eb
n =  

m0
1
2
r
RH
n2 ; (2.8)
where m0 and r are the electron rest mass and dielectric constant respectively. RH
is the Rydberg constant of hydrogen atoms (RH = 13:6 eV). The exciton radius is
also quantised and given by:
rn =
m0

raHn2; (2.9)
where aH is the Bohr radius of hydrogen atoms (aH = 5:29  10 11 m). The
most stable excitons have maximum binding energy and minimum exciton radius
at n = 1. Wannier-Mott excitons are observed below a certain temperature where
the binding energy is greater than thermal energy (kT). At temperature kT > En,
excitons are dissociated and unbound electron-hole pairs are formed.
2.2.2 Frenkel excitons
Frenkel excitons or tightly bound excitons are typically found in alkali halide crystals
and molecular crystals such as organic semiconductors. The excitons have higher
binding energy and smaller exciton radius than Wannier-Mott excitons. Frenkel
excitons are localised on the atoms at which they are created. Due to their high
binding energy, for example LiF has Eb
1 = 1:9 eV, Frenkel excitons can be observed
at room temperature. Organic semiconductor microcavities utilise the high binding
energy of Frenkel excitons to study the interaction of light and matter at room
temperature [47, 48].Chapter 2. Theoretical Background 12
2.3 Quantum wells
When the dimensionality of bulk materials is decreased from three to two dimen-
sions, many interesting phenomena such as quantum connement of carriers emerge.
Semiconductor quantum well (QWs), for instance, consist of a thin well layer with
the thickness in the order of the de Broglie wavelength sandwiched between rela-
tively higher band gap materials. The quantum connement of carriers leads to
the quantisation of energy in the direction perpendicular to the QW plane. In the
case of innite potential wells, the connement energy of the quantum wells with
thickness d is given by:
En =
~2
2
n
d
2
: (2.10)
Hence, the characteristics of the interband transitions including absorption and
luminescence are modied. Particularly, the absorption threshold changes from Eg
to Eg + ~2
2
 
d
2 and the joint density of states become a step-like curve as shown in
gure 2.2. The QW emission energy, therefore, can be controlled by varying the well
thickness. The connement energy in equation 2.10 is estimated from an innite
potential well model. In real QWs with nite potential wells, the wave functions
can tunnel into the barriers resulting in reduced connement energy.
2.4 Quantum dots
Quantum dots (QDs) are dened as structures that conne carriers in three dimen-
sions and have dierent optical and electrical properties from bulk structures of the
same material. QDs can be produced by various methods, for example lithogra-
phy, epitaxial growth and chemical synthesis. In general, dierent types of QDsChapter 2. Theoretical Background 13
are obtained from dierent techniques. Chemically synthesised colloidal QDs, for
instance, oer excellent optical properties. In addition, the cheap, large scale and
simple fabrication renders colloidal QDs as promising materials for ecient opto-
electronic devices.
The electronic structure of QDs cannot be described by continuous bands
as in bulk materials. It is that of discrete levels similar to the electronic structure
of atoms or molecules. The three dimensional quantum connement results in the
increase of electron-hole overlap and subsequently the increase of radiative recom-
bination rate. The emission energy of QDs can be controlled by either the QD size
or the material composition. It was demonstrated theoretically [49, 50] and experi-
mentally [51, 52] that the connement of excitonic wave functions in QDs enhanced
the oscillator strength by a factor of (d
r)3 where d and r are radii of the QDs and the
excitons respectively. Therefore, QDs can be used as absorbers with giant oscillator
strength in PV cells or emissive layers with excellent brightness in LEDs.
The ratio of surface atoms to inner atoms increases as the dimensionality of
materials decreases from bulk to QDs. The interaction of surface atoms with the
surrounding environment becomes signicant and plays an important role in mate-
rial properties. Particularly, surface states of colloidal QDs can trap carriers and
cause nonradiative recombination which leads to poor quantum yield. Surfactants
such as phosphines, phosphine oxide and amides are needed to passivate the surface
states. Moreover, the surfactants provide the solubility of QDs in various solvents.Chapter 2. Theoretical Background 14
2.5 Organic semiconductors
Fundamental principles of organic semiconductor materials are dierent from those
of inorganic materials discussed above. Optical transition of organic materials is
based on the transition of isolated molecules where the electronics states are dis-
crete levels. The constituent atoms in a molecule can vibrate about their bonds
leading to discrete vibrational states in addition to the electronic states. Hence,
the optical transitions of organic materials are associated with both electronic and
vibrational states called vibronic transitions as shown in gure 2.3. Electrons from
the constituent atoms ll the molecular orbital up to the highest occupied molecular
orbital (HOMO) level. The rst excited state energy level is dened as the lowest
unoccupied molecular orbital (LUMO) level.
HOMO
LUMO
emission absorption
relaxation
Eex
Egr
Figure 2.3: Schematic diagram illustrates optical transition of organic materials.
Energy of vibrational states can be described by quantum mechanics and
given by (n + 1=2)~
 where n and 
 are the vibrational order and the angular
frequency respectively. The optical transition from the vibrational order ngr of the
ground state to the vibrational order nex of the rst excited state therefore requiresChapter 2. Theoretical Background 15
excitation energy: [53]
Eexcitation = Eex +

nex +
1
2

~
ex   Egr +

ngr +
1
2

~
gr; (2.11)
where 
ex and 
gr are angular frequency of the vibrational excited state and the
vibrational ground state respectively. The excitation rapidly relaxes to the bottom
of the excited states by emitting phonons before returning to the ground state by
emitting a photon. The absorption energy is normally higher than the emission
energy except for the transition without the association of vibrational states. The
dierence of the absorption and the emission energy is referred to as Stokes shift.
2.6 Resonant energy transfer
Resonant energy transfer is a mechanism where excitation energy transfers nonra-
diatively from one molecule (donor) to another (acceptor). Several types of resonant
energy transfer such as electric dipole-dipole interaction, electric dipole-quadrupole
interaction and Dexter transfer have been theoretically and experimentally demon-
strated [1, 54, 55]. Whereas electric dipole-dipole interaction or F orster energy
transfer requires allowed transitions of both donors and acceptors, electric dipole-
quadrupole interaction involves allowed transitions of the donors and forbidden
transitions of the acceptors. The transfer rate of the former is consequently higher.
Since Dexter transfer requires the overlap of the donor and the acceptor wave func-
tions the transfer can occur only in a short distance, typically in the order of 15-20
 A. As the donor-acceptor separation distance of the systems studied here is greaterChapter 2. Theoretical Background 16
than the Dexter transfer length, this thesis will focus on the electric dipole-dipole
interaction.
For dipole-dipole interactions, there is no real photon involved in the transfer
process unlike radiative energy transfer where the photons emitted from donors are
reabsorbed by acceptors. It has been reported that resonant energy transfer is
more ecient than conventional radiative energy transfer commonly used in typical
colour-conversion LEDs [4, 13]. Resonant energy transfer has been used in various
applications such as light harvesting devices [56, 57, 58, 59], multi-colour LEDs [60,
61, 62] and uorescent tags in biological cells [63]. First studied in molecular systems
[1, 64], resonant energy transfer has been widely investigated in other systems, for
example, organic/inorganic heterostructures [65, 66] and colloidal QD/inorganic
heterostructures [5, 67]. A schematic diagram of resonant energy transfer process
in a molecular system is shown in gure 2.4.
Figure 2.4: Schematic diagram illustrates resonant energy transfer.
Resonant energy transfer requires the overlap between the donor emission
and the acceptor absorption and the appropriate separation distance between theChapter 2. Theoretical Background 17
donor and the acceptor as the transfer rate is inversely proportional to the separation
distance. For molecular systems illustrated in gure 2.4, a donor molecule is excited
from the ground state or the HOMO level to an excited state with the excess
energy which is simultaneously converted into vibrational energy. The molecule
relaxes rapidly within 0.1-1 ps to the LUMO level through heat dissipation and may
return to the ground state radiatively by emitting a photon or nonradiatively via
phonon scattering. Provided there is a nearby molecule (acceptor) whose absorption
overlaps with the donor emission, the coupling of the transition dipoles of the donor
and the acceptor may lead to the transfer of the excitation energy from the donor
to the acceptor via resonant energy transfer.
According to F orster's theory, the resonant energy transfer rate (kET) in
molecular systems is given by the following equation,
kET = kD

R0
R
6
; (2.12)
where kD is the decay rate of the donor and R is the separation distance between
the donor and the acceptor. F orster critical distance (R0) is the separation dis-
tance where the resonant energy transfer eciency (ET) is 50% and dened by the
following equation (in nm),
R0 = 2:11  10 2

2QD
n4
1=6
: (2.13)
The orientation factor () is associated with relative orientation of the donor and
the acceptor dipoles. 2=0 and 4 correspond to the perpendicular and the parallelChapter 2. Theoretical Background 18
transition dipoles respectively. QD is quantum yield of donors, n represents refrac-
tive index of the medium and  is spectral overlap between the donor emission
and the acceptor absorption as shown in gure 2.5. The resonant energy transfer
eciency is given by,
ET =
kET
kET + kD
: (2.14)
Figure 2.5: Spectral overlap of the donor emisson and the acceptor absorption.
The resonant energy transfer rate also depends on the dimensionality of the involved
electronic excitations. Whereas kET is proportional to R 6 in the case of isolated
dipoles, kET scales with R 4 for the transfer from an isolated dipole to a layer of
acceptors and R 2 for the transfer between two layers [1, 4, 9].
Resonant energy transfer can be observed from the quenching of the donor
emission in the presence of acceptors. Alternatively, resonant energy transfer e-
ciency can be determined from the luminescent intensity of the donor: [68]
ET = 1  
IH
D
ID
; (2.15)Chapter 2. Theoretical Background 19
where IH
D and ID are the donor luminescent intensity with and without the presence
of the acceptor respectively.
2.7 Light emitting devices
Light emitting devices (LEDs) are optoelectronic devices that convert electrical
current into photons. LEDs were initially used for indicator light due to their low
eciency and few choices of the colours. The technology of LEDs has been continu-
ously developed leading to ecient LEDs with broad spectra including ultraviolet,
visible and infrared regions [69, 70, 71, 72]. At present, LEDs are widely used in
various optoelectronic applications such as displays, lighting and other electronic
devices. One of the highest eciency LEDs at the present from Cree, Inc. has 173
lumen of light output and 161 lumen/watt ecacy at 350 mA [73] compared to in-
candescent light bulbs (15 lumen/watt) and uorescent lamps (100 lumen/watt).
In inorganic semiconductor LEDs such as blue GaN-based LEDs and red-
GaAs based LEDs, the operating principle is based on p-n junctions. Electron and
holes are electrically injected from the corresponding electrodes, transport to the
junction and recombine radiatively. The energy of the emitted photons is associated
with the band gap of the active materials. LEDs made of direct band gap materials
such as GaAs and GaN has higher eciency than the very rst LEDs made of indi-
rect band gap mateirals because phonon scattering is involved in the recombination
process of the indirect band gap materials.
In spite of the high eciency of inorganic semiconductor LEDs, the fabri-
cation process is associated with complex techniques and the requirement of highChapter 2. Theoretical Background 20
quality materials which lead to expensive devices. Alternatively, organic LEDs
(OLEDs) have been developed and demonstrated low cost, large area, exible de-
vices [74, 75, 76, 77]. In addition, the ecacy of OLEDs is currently comparable
to incandescent light bulbs and uorescent lamps (102 lumen/watt, Universal Dis-
play Corporation [78]). In OLEDs, electrons and holes are electrically injected into
the emissive layer by the corresponding electron and hole transport materials. The
emission energy of the OLEDs is associated with the energy bands of the emissive
materials.
OLED have been used in many electronic devices such as mobile phones,
music players and digital watches. Recently, commercial 11-inch OLED televisions
with outstanding contrast, high brightness and an ultra thin screen (3 mm) were
launched [79]. In contrast to liquid crystal displays (LCDs), OLED displays do not
need any backlight resulting in thinner screens as well as less power consumption.
For lighting application, OLEDs with eciency, lifetime and colour rendering index
(CRI) comparable to or better than commercial uorescent and incandescent lamps
have been successfully demonstrated [80] as shown in table 2.1. CRI is an indicator
of a light source to render the true colour of the objects being lit by the light source.
Ideal light sources generally have CRI value close to 100 whereas monochromatic
light sources have CRI value close to zero. For interior lighting applications, CRI
value should be more than 70.
Although organic semiconductor materials have high potential in display
and lighting applications, an inherit drawback of organic materials that hampers
the device eciency is known as their low carrier transfer [81, 82]. Moreover, charge
imbalance in the emissive layer resulting from dierent charge transfer eciency ofChapter 2. Theoretical Background 21
Light Source Eciency (lm/W) CRI Lifetime (h)
Incandescent lamp 10-15 >90 1,000
Fluorescent lamp 40-80 70 10,000
Light-emitting devices >80 80 >10,000
Organic light-emitting device 65 >90 10,000
Table 2.1: Eciency, colour rendering index (CRI) and lifetime of lighting de-
vices.
the hole and the electron transport layers leads to low eciency of the devices
[83, 84]. A route to circumvent these problems is to combine organic materials
with inorganic semiconductor materials which have relatively high carrier mobility
into a hybrid structure. In the hybrid structures, carriers are electrically injected
and transport in the inorganic semiconductor counterpart. The injected carriers
are subsequently transferred in a noncontact way to the organic emitters via reso-
nant energy transfer. The organic emitters eventually emit photons with desirable
colours. The same method can be applied to colloidal QDs which have low car-
rier transfer. Owing to the tunability of colloidal QDs emission, hybrid structures
of inorganic semiconductors and colloidal QDs oer ecient colour-conversion and
white LEDs.
2.8 Photovoltaic cells
Photovoltaic (PV) cells are optoelectronic devices that convert solar energy into
electrical current. The essential operating principles of PV cells consist of charge
generation, charge separation and charge transport.Chapter 2. Theoretical Background 22
Charge generation. As photons from sunlight reach PV cells, the photons
may reect from the surface, be absorbed by the active materials or pass through
the PV cells depending on the photon energy and the physical properties of the
PV cells. Photons with energy less than the energy gap of the active materials can
transmit through the PV cell whereas photons with energy higher than the energy
gap can be absorbed resulting in photogenerated electron-hole pairs. The photon
reection and transmission lead to loss of charge generation and consequently low
PV cell eciency. Antireection coating or surface texture layer can be used to
increase the number of photons coupled into PV cells. The active layer has to
be thick enough in order to absorb all the incident photons. Alternatively, highly
absorbing materials such as colloidal nanocrystal quantum dots can be used as the
active layer.
Charge separation and charge transport. Photogenerated electron-hole pairs
in the active materials will contribute to electrical current if they are separated
and collected by the corresponding electrodes. In p-n junction PV cells such as
crystalline Si PV cells, photogenerated electron-hole pairs are separated by the
internal electric eld across the p-n junction. In organic PV cells, photogenerated
carriers dissociate at the interface of electron and hole transport materials due to
the energetic preference to the dierent energy bands of the corresponding transport
materials. Historically, there have been three generations of PV cells [85].
First generation PV cells
First generation PV cells are based on single p-n junction PV cells of crys-
talline Si. These PV cells currently occupy over 80% of the market and have
relatively high eciencies, i.e. 12%-16% for commercial modules and 25% forChapter 2. Theoretical Background 23
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Figure 2.6: Charge generation and charge separation in (a) p-n junction PV cells
(b) organic PV cells .
laboratory prototypes. However, the manufacturing processes associated with this
generation of PV cells involve high technology, complicated production steps and
large amount of high quality crystalline Si resulting in expensive PV cells.
Second generation PV cells
Thin lms with high absorption such as CuInSe2, CuInGaSe2 and CdTe are
developed and used as absorbing layers in the second generation PV cells. By using
thin lm technology, small amount of materials is needed in the manufacturing
process resulting in cheaper PV cells. The eciency of thin-lm PV cells has been
reported to be 8%-12% for modules and 18% for laboratory cells which is lower
than that of crystalline Si PV cells. In spite of the lower price, the relative lowChapter 2. Theoretical Background 24
eciency of thin-lm PV cells cannot decrease the value of price per unit current.
The next generation of PV cells, therefore, are of high performance PV cells with
the reduction of price per unit current.
Third generation PV cells
New concepts of high eciency thin-lm PV cells are developed in third
generation PV cells. For instance, tandem cells with multiple junctions of dierent
energy gaps covering wide absorption spectrum achieve the cell eciency exceed-
ing thermodynamic limit of single band gap PV cells of 31%. Recently, GaInP/-
GaInAs/Ge multiple junction PV cells was demonstrated to have eciency over
40% [86].
Alternatively, organic semiconductors and colloidal QDs oer low-cost, solution-
process, and exible PV cells [87, 88, 89]. In particular, there have been numerous
eorts during the past decades to integrate colloidal QDs into PV cells owing to
excellent optical properties of colloidal QDs such as high absorption and wide ab-
sorption spectrum. However, an inherent drawback of low carrier transport is a
major problem that limits the eciency of QD based PV cells [90, 91].
Power conversion eciency () is a standard parameter used to indicate the
performance of PV cells. The eciency is dened by the ratio of the output power
of the cells to the input power of the solar radiation (Pin). In order to compare
the eciency of dierent PV cells, the conditions under which the cell eciency is
measured need to be controlled. Power conversion eciency of a PV cell is typi-
cally determined from its current-voltage characteristic under illumination. From
a current-voltage characteristic in gure 2.7, the current at zero applied voltage is
dened as the short circuit current (Isc) and the voltage at zero current is denedChapter 2. Theoretical Background 25
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Figure 2.7: Current-voltage characteristic of a PV cell
as the open circuit voltage (Voc). The ll factor (FF) is the ratio of the maximum
power of the cells to the product of Isc and Voc,
FF =
ImVm
IscVoc
; (2.16)
where Im and Vm are the current and the voltage at which the cell gives the max-
imum power. Graphically, the ll factor represents the squareness of a current-
voltage characteristic. Power conversion eciency is given by
 =
FF  IscVoc
Pin
: (2.17)Chapter 3
Resonant Energy Transfer in
Hybrid Organic/Inorganic
Heterostructures
Wannier-Mott excitons in semiconductors and Frenkel excitons in molecular crys-
tals have dierent characteristics. Whereas the interaction between Wannier-Mott
excitons leads to interesting eects such as optical nonlinearlities, Frenkel excitons
occupy large oscillator strength. It was theoretically proposed that the coupling of
both types of excitons could create a hybrid electronic excitation possessing specic
advantages of the individual components [92]. There have been attempts to couple
Wannier-Mott excitons with Frenkel excitons in the strong coupling regime by us-
ing microcavity [93, 94]. Another way to couple the excitons of dierent classes of
materials is to utilise resonant energy transfer in hybrid structures.
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In this chapter, resonant energy transfer in hybrid organic/inorganic het-
erostructures is optically investigated. Whereas organic dyes used here are renowned
as ecient light emitters, GaAs heterostructures have high carrier mobility. The
integration of these materials can be used in light emitting devices or displays
where carriers are electrically injected into the heterostructure and eciently trans-
ferred to the organic emitters. For devices based on this hybrid conguration, low
charge transfer of the organic dyes is overcome while beneting their large oscillator
strength.
3.1 Pump-probe reection technique
A schematic diagram of a pump-probe reection setup is shown in gure 3.1. An
argon ion laser is used to pump a mode-locked Ti:sapphire oscillator which has a
repetition rate of 76 MHz and a pulse width of 2 ps. The output of the mode-
locked Ti:sapphire oscillator is initially split into two paths. The rst path is used
as a pump beam and the other is used as a probe beam. A polarised beam splitter
(PBS) and a half wave plate (/2) are used to change the intensity ratio between the
pump and the probe beams. After transmission through the PBS, the pump beam
is passed through the inner holes of an optical chopper which rotate at frequency
f1. The pump beam is subsequently focused onto the sample by L6.
After reection from the PBS, the probe beam is directed to a retroreector
which is xed on a computer controlled translation stage. The delay time between
the pump and the probe paths can be varied by changing the position of the trans-
lation stage. The probe beam is then passed through the outer holes of the optical
chopper which rotate at frequency f2 and eventually focused onto the sample. PartChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 28
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Figure 3.1: Pump-probe reection setup.
of the probe beam is collected by a beam splitter (BS) and focused onto a balance
photodetector (BD) to use as a reference beam. The transmitted probe beam is
subsequently focused onto the sample where the probe spot overlaps with the pump
spot. The reected probe beam from the sample is collimated by L7 and directed to
another photodiode of the balance photodetector. A tunable neutral density lter
is used to balance the intensity of the reference and the reected beams while the
pump beam is blocked. The output of the balance photodetector is sent to a lock-in
amplier to detect the pump-induced change of reectivity at the sum frequency
(f1+f2).
In pump-probe reection spectroscopy, the carrier population in the con-
duction band of semiconductors such as GaAs can be related to the reected probeChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 29
intensity as shown in gure 3.2. At zero delay time, the pump pulse arrives the
sample and excites carriers from the valence band to the conduction band. At later
time t1, some carriers in the conduction band relax to the valence band. Therefore,
the number of valence band carrier at time t1 is more than that at time t0. If a
probe pulse arrives the sample at t1, a fraction of the probe pulse will be absorbed
and the remaining fraction will be reected. The same situation happens at time
t2 except for the larger fraction of the probe being absorbed. The probe pulse is
absorbed with larger fraction at time t2 because more carriers relax to the valence
band at time t2. By observing the intensity of the reected probe beam as a func-
tion of the delay time, the information of carrier population decay in the conduction
band can be obtained.
t0 <     t1 <           t2
pump probe probe
I1 I2
CB
VB
Figure 3.2: Principle of pump-probe reection spectroscopy.Chapter 3. RET in Hybrid Organic/Inorganic Heterostructures 30
3.2 Time-correlated single photon counting measure-
ments
Time-correlated single photon counting (TCSPC) is an optical technique widely
used to study photoluminescence decays of materials. The operating principles
of TCSPC are based on the detection of single photon signals, the accurate mea-
surement of time interval between two detection pulses, and the reconstruction of
photon distribution of the photoluminescence decay. Photomultiplier tubes (PMTs)
or avalanche photodiodes (APDs) can be used as a photon detector providing pulses
of single photons for a TCSPC module installed in a computer. The TCSPC module
typically consists of three main units, i.e. constant fraction discriminators (CFDs),
time-to-amplitude converters (TACs) and analog-to-digital converters (ADCs). The
electronic pulses of single photons detected by PMTs or APDs are sent to the CFD
unit. The pulses with amplitudes smaller than the threshold or higher than the
upper limit are ltered out to remove noises from the detection. Another CFD is
used to detect pulses from the excitation light source providing the reference signal.
The reference and the photon signals from the CFDs are used to start and stop the
TAC unit by switching on and o a current source applied to a capacitor. There-
fore, the time interval between the reference and the photon signals is determined
by the capacitor voltage. The output of the TAC unit is digitised by an ADC and
converted to the detection time of the detected photons.
Time-correlated single photon counting is subjected to single photon de-
tection of periodic photoluminescence decays obtained from pulse excitation. The
photon detection rate should be low enough so that there is no more than one
photon detected in an excitation period as shown in gure 3.3. There are someChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 31
periods that photons are not detected. The detection time of each photon is con-
tinuously recorded during the acquisition period and the distribution of the photon
probability is subsequently produced.
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Figure 3.3: Photon probability distribution measured by time-correlated single
photon counting.
Schematic of the TCSPC setup used here is shown in 3.4. A Ti:sapphire
oscillator with a repetition rate of 76 MHz and a pulse width of 2 ps is used as
an excitation source. The laser beam is initially split by a beam splitter and the
rst path is directed to a photodiode. The signal from this photodiode is used as
the reference signal. The second path is used to excite the sample held in a closed
cryostat. The photoluminescence of the sample is collected and passed through a
monochromator to spectrally resolve the spectrum. The photoluminescence signalChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 32
is then focused onto an APD. The signal from the APD is then sent to a TCSPC
module.
BS
Ti:sapphire
reference
signal
sample
PD
APD
monochromator
Figure 3.4: Time-correlated single photon counting setup.
3.3 Materials and methods
Figure 3.5(a) presents a schematic diagram of a hybrid organic/inorganic het-
erostructure consisting of a thin layer of cyanine dyes deposited on a GaAs single
QW. The single QW is grown on a (100) GaAs substrate by molecular beam epi-
taxy (MBE). A 500 nm thick GaAs buer layer is initially grown on the substrate
followed by a 20 nm thick barrier of Al0:35Ga0:65As. The thickness of the wells is
4.0 nm and 6.5 nm for sample A and sample B respectively. Finally, both samples
are capped with 7.5 nm thick Al0:35Ga0:65As layers.Chapter 3. RET in Hybrid Organic/Inorganic Heterostructures 33
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Figure 3.5: (a) Schematic diagram of the hybrid organic/inorganic heterostruc-
ture. (b) Chemical structure of organic dyes. (c) Film thickness dependence on
the concentration of the organic dye solution. (d) Atomic force microscope image
of the organic dye lm.Chapter 3. RET in Hybrid Organic/Inorganic Heterostructures 34
The cyanine dyes [95], 3-[(2Z)-5-chloro-2-f[(3E)-3-f[5-chloro-3-(3-triethyl-
ammonium-sulfonatopropyl)-1, 3-benzothiazol-3-ium-2-yl]methyleneg-2,5,5-trimethyl-
cyclohex-1-en-1-yl]methyleneg-1,3-benzothiazol-3(2H)-yl] propane-1-sulfonate, are
synthesised by the interaction of two equivalents of 3-(5-chloro-2-methyl-1,3-ben-
zothiazolium-3-yl) propane-1-triethylammonium-sulfonate with one equivalent of
1,3-diethoxy-2,5,5-trimethyl-1,3-cyclohexadiene at 145-150 C in the presence of
triethylamine. The chemical formula of the cyanine dyes is C37H49Cl2N3O6S4 with
a molecular weight of 831.6 g/mol. The chemical structure of the cyanine dyes is
shown in gure 3.5(b). The cyanine dyes are dissolved in methanol and spin coated
on the QWs. Cyanine dyes possessing a self-association of the molecules generally
form an extended J aggregate structure. In-line ordering of dipoles results in a
band of delocalised states and only the lowest states have allowed transitions to the
ground state. This leads to a red-shifted and narrowed absorption peak compared
to that of the isolated molecules. The thickness of the organic lm is controlled by
the concentration of the organic dyes in methanol as shown in gure 3.5(c). Figure
3.5(d) shows a uniform organic dye lm of nominal 12 nm thickness.
Time-resolved carrier dynamics of the single QWs are investigated by using
pump-probe reection spectroscopy described above. The single QWs are excited
resonantly at the n=1 heavy-hole excitonic absorption by a tunable mode-locked
Ti:sapphire oscillator. Time-resolved photoluminescence decay of the organic dyes
is measured by using time-correlated single photon counting (TCSPC) technique
together with a monochromator and appropriate optical lters to spectrally resolve
the spectra. The organic dyes are excited at 745 nm at 25 K.Chapter 3. RET in Hybrid Organic/Inorganic Heterostructures 35
3.4 Results and discussions
The spectral overlap between the QW emission and the organic dye absorption is
shown in gure 3.6. Sample A and B have emission peaks at 772 nm and 795 nm
respectively at 25 K. The capping layer thickness of sample A and B is kept constant
while the spectral overlap of the two samples are varied by changing the thickness of
the wells or the QW emission energy. Hence, the dependence of the energy transfer
rate on the spectral overlap can be investigated in this experiment.
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Figure 3.6: Spectral overlap of the hybrid organic/inorganic heterostructure.
Sample A and B have photoluminescence peaks at 772 nm and 795 nm respectively
at 25 K. The dotted line presents the organic dye absorption.
3.4.1 Resonant energy transfer at donor site
Due to the broad spectrum of the cyanine dye emission as well as its overlap with the
QW emission, it is dicult to resolve the spectra of the cyanine dyes and the QW
from the hybrid structures. Therefore, pump-probe reection spectroscopy is usedChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 36
to observe the QW carrier dynamics in the hybrid structures. Figure 3.7 presents
the QW population decays of sample A and B with and without the deposited dye
layers where the excitation wavelengths for sample A and B are 768 nm and 792
nm respectively.
Evidently, the population decay rate of the QW in the presence of the organic
overlayer (kH
QW) is greater than the decay rate of the bare QW counterpart (kQW)
for both samples. The decay rate increases from 3.1 ns 1 to 4.3 ns 1 for sample A
and from 1.6 ns 1 to 2.6 ns 1 for sample B after the dye deposition. The faster decay
rate indicates an extra decay channel from the QW to the cyanine dye overlayer via
resonant energy transfer. Hence, the decay rate of the QW in the hybrid structure
is given by kH
QW = kQW + kET. The eciency of resonant energy transfer, ET =
kET=(kET + kQW), of sample A and B is 0.23 and 0.39 respectively.
Since the energy transfer rate scales linearly with the spectral overlap, the
ratio of the energy transfer rates obtained from sample A and B kA=kB is expected
to be equal to the ratio of the spectral overlap A=B. From the experiment above,
kA=kB = 1:180:21 is determined and A=B = 1:27 is calculated from the spectral
overlap in gure 3.6. The two values are in agreement and therefore provide further
conrmation of the nature of resonant energy transfer in the hybrid structures as
well as the validity of the pump-probe spectroscopy used in this experiment.
3.4.2 Resonant energy transfer at acceptor site
The faster QW population decay in the hybrid structure is a good indication of
resonant energy transfer. However, only carrier dynamics in the QW may not fully
verify the existence of resonant energy transfer as the deposited dyes could modifyChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 37
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Figure 3.7: Normalised population decays of the single QWs with (red open
circles) and witout deposited the cyanine dyes (black solid squares) for (a) sample
A and (b) sample B.Chapter 3. RET in Hybrid Organic/Inorganic Heterostructures 38
the QW surface states leading to the alteration of the QW carrier dynamics. In
order to conrm the occurrence of resonant energy transfer in the hybrid structures,
time-resolved photoluminescence decay of the cyanine dyes is investigated by using
TCSPC. A mode-locked Ti:sapphire oscillator tuned to 745 nm is used as an exci-
tation source. The photoluminescence decay of cyanine dyes deposited on a glass
substrate is measured and shown in gure 3.8. Since there is no eect of resonant
energy transfer in this system, the photoluminescence decay illustrates intrinsic car-
rier dynamics of the cyanine dyes which have biexponential decay characteristics.
The fast and slow components of the photoluminescence decay are attributed to
the decay from aggregates of the dye molecules and from uncoupled monomers re-
spectively. The photoluminescence decay of cyanine dyes deposited on sample A is
measured and compared to the decay of cyanine dyes deposited on a glass substrate.
Evidently, the rise time of the former is slower suggesting resonant energy transfer
from the QW to the organic dye overlayer.
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Figure 3.8: Fluorescence decays of the organic dye deposited on a glass substrate
(black dotted line) and on sample A (red solid line). The dashed curve is the t
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To further explore the eects of resonant energy transfer on carrier dynamics
of the hybrid structures, a kinetic model is established and described by the following
equations:
dNQW
dt
=  kQWNQW   kETNQW; (3.1)
dNOGi
dt
=  kOGiNOGi + kETNQW; (3.2)
where i=1 and 2 present the fast and slow components of the organic photolumines-
cence decay. NQW and NOGi are exciton populations in the QWs and the cyanine
dyes respectively. The fast (kOG1) and slow (kOG2) decay rates of cyanine dyes are
derived from the experimental data. The analytic solution of the above equations
is given by:
I(t) =
X
i=1;2
CiNQW(t = 0)kET
kOGi   kQW   kET

e (kQW+kET)t   e kOGit

; (3.3)
where C1 and C2 are constants. This solution can describe carrier dynamics of
organic dyes in the hybrid structure as shown by the black dashed line in gure
3.8. Table 3.1 shows the xed parameters used in the t. The t shows a good
agreement between the kinetic model and the experiment data.
Parameter Value (ns 1)
kQW 3.1
kOG1 10.0
kOG2 0.8
kET 1.2
Table 3.1: Parameters used in the t of the organic photoluminescence decay in
the hybrid structure.Chapter 3. RET in Hybrid Organic/Inorganic Heterostructures 40
3.5 Conclusions
Organic semiconductor materials provide bright, exible, low-cost and full colour
light emitters. However, a major problem of the organic light emitters that lim-
its the eciency of organic optoelectronic devices is their poor carrier transfer.
In this study, hybrid structures of organic dyes and inorganic semiconductor het-
erostructures are investigated. The hybrid structure utilises high carrier mobility of
inorganic semiconductor QWs while still benets the high brightness of organic light
emitters. In the hybrid structure, the energy of the optical excitation in the QW
is transferred to the organic overlayer via resonant energy transfer with eciency
higher than traditional radiative energy transfer.
Conclusive evidence of resonant energy transfer is demonstrated at the donor
and acceptor sites. The faster QW population decay in the hybrid structure com-
pared to that of the bare QW counterpart indicates an extra decay channel of
resonant energy transfer which is in good agreement with the slower rise time of
the transient photoluminescence decay of the organic emitters when deposited on
the QW. Moreover, the photoluminescence decay of the organic overlayer can be
described by a kinetic model of carrier dynamics in the hybrid structure taking into
account the eect of resonant energy transfer.
The hybrid structure oers a novel route of pumping organic light emitters
which can lead to highly ecient OLEDs or organic lasers. In the next chapter,
hybrid colour-conversion LEDs will be discussed where carriers are electrically in-
jected into a surface-patterned semiconductor heterostructure and the excitations
are transferred to adjacent QD emitters via resonant energy transfer. In chapter 5, aChapter 3. RET in Hybrid Organic/Inorganic Heterostructures 41
reverse conguration of the hybrid structure is explored for using in light harvesting
applications.Chapter 4
Enhanced Colour-conversion
Eciency in Hybrid Light
Emitting Devices
Conventional colour-conversion LEDs are typically based on the combination of blue
LEDs and colour-tunable light emitters such as phosphorescent materials. Owing
to the excellent optical properties and the simple synthesis process of colloidal QDs,
they have rapidly become prominent alternatives for light emitter materials. Ex-
citations in a blue LED (donors) are transferred to light emitters (acceptors) via
radiative energy transfer where photons initially emitted by a blue LED are ab-
sorbed by colour-tunable light emitters. The emitters then reemit photons with
lower energy. Nevertheless, the eciency of radiative energy transfer is relatively
low, <10%, due to several energy loss steps in the transfer process such as the
waveguide mode connement in blue LEDs.
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By engineering the spectral overlap between the donor emission and the
acceptor absorption as well as designing the structure of colour-conversion LEDs,
ecient resonant energy transfer can be additionally utilised leading to higher per-
formance LEDs. Resonant energy transfer rate (kET) is proportional to R C where
R is donor-acceptor separation distance and C is a constant describing characteris-
tics of the system. For example, C = 2 and 6 describe energy transfer in layer-layer
and isolated dipole-dipole systems respectively [9, 96]. In order to increase the
energy transfer rate, the donor-acceptor separation distance has to be minimised
[13, 97]. For a hybrid colour-conversion LED consisting of emissive materials de-
posited on the surface of a heterostructure LED, the upper contact layer has to
be as thin as possible to have maximum energy transfer rate, while remaining the
appropriate thickness in order to have uniform spread of injected carriers.
In this chapter, resonant energy transfer in a hybrid colour-conversion LED
consisting of colloidal QDs and a surface-textured LED is investigated. Hole struc-
tures with elliptical cross-section are fabricated on the LED surface penetrating
through the LED active layers. This LED will be referred as a deep etched LED.
The benet of the deep etched LED is the close proximity of the deposited QDs (ac-
ceptors) to the LED active layers (donors) which leads to the increasing of resonant
energy transfer rate. A control device with the same hole structures but do not
penetrate through the LED active layers is fabricated and referred to as a shallow
etched LED. Due to the large donor-acceptor separation distance, resonant energy
transfer does not occur in the hybrid QD/shallow etched LED. The emission of QD
deposited on the deep etched and shallow etched LEDs under the same emission
intensity of photons from the QWs are measured in order to observe the eect of
resonant energy transfer on the QD emission.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 44
4.1 Streak measurements
Streak cameras are ultra fast tools widely used to investigate temporal evolution of
optical phenomena such as photoluminescence decays of materials. By using streak
cameras, time-resolved and spectrum-resolved proles of photoluminescence decays
can be measured simultaneously. A schematic diagram of a streak measurement is
shown in gure 4.1.
Sweep unit
Phosphor screen
MCP Photocathode
Lenses
Slit
Trigger signal
Time
Sweep electrode
Time
Intensity
Wavelength
Monochromator
Figure 4.1: Schematic diagram of streak measurements
Photoluminescence collected from a sample is passed though a monochroma-
tor in order to disperse and select the wavelength of interest. The photoluminescence
is subsequently focused on a photocathode by a set of lenses. Photoelectrons are
generated as photons strike the photocathode according to the photoelectric eect.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 45
The number of generated photoelectrons is proportional to the intensity of the in-
cident light at each wavelength. The photoelectrons are then accelerated through a
pair of sweep electrodes which change the incident angle of the photoelectrons on a
micro-channel plate (MCP) and eventually on a phosphor screen. The MCP is an
electron multiplier containing a bundle of glass channels with a diameter of about
20 m. The inner wall of the glass channel is coated with secondary electron emit-
ter materials. A single electron can be multiplied to 104 electrons with this MCP.
High voltage applied to the sweep electrodes is synchronised with the period of the
photons. The electrodes sweep the photoelectrons on the phosphor screen in ver-
tical direction depending on the time they arrive the sweep electrodes. Therefore,
time evolution of the photoluminescence can be observed from the vertical spatial
evolution on the phosphor screen. Moreover, the spectrum prole of the photolumi-
nescence can be observed simultaneously from the horizontal axis of the phosphor
screen. The horizontal and the vertical axes of the phosphor, therefore, represent
the spectrum prole and the time evolution of the photoluminescence respectively.
4.2 Materials and methods
Schematic diagrams of deep etched and shallow etched LEDs fabricated by Lux-
taltek Corporation are shown in gure 4.2(a) and (b) respectively. A 2 m thick
undoped GaN buer layer is grown on a sapphire substrate before the deposition
of a 2 m thick n-doped GaN layer. The active layers consisting of 5 periods of
undoped InGaN/GaN QWs are grown on the n-doped GaN layer and subsequently
a 50 nm thick p-doped AlGaN layer is deposited. The device is terminated by a 0.2
m thick p-doped GaN layer.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 46
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Figure 4.2: Schematic diagrams of (a) the deep etched LED. (b) the shallow
etched LED. (c) Scanning electron microscope image of the deep etched LED
surface.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 47
Nano-imprinting lithography is used to fabricate patterns onto the LEDs.
A 50 nm thick SiO2 layer is initially deposited onto the LEDs by plasma enhanced
chemical vapour deposition (PECVD) followed by a spin-coated polymer layer. A
mold is brought into contact with the polymer layer under certain pressure. By
applying heat above the glass transition temperature of the polymer, the pattern is
transferred from the mold to the polymer layer. The LED samples and the mold are
then cooled down to room temperature to release the mold. Reactive ion etching
(RIE) with CF4 plasma is used to remove the residual polymer layer and transfer
the pattern onto SiO2.
The patterns of dierent depths are eventually transferred to the LEDs by
using inductively coupled plasma reactive ion etching (ICP-RIE). For deep etched
LEDs, 450-nm-deep hole structures with elliptical cross-section are fabricated on the
device surface penetrating through the QW layers. In the case of shallow etched
LEDs, 150-nm-deep hole structures with the same pattern are fabricated. Cl2 and
Ar etching gases are introduced into the reactor chamber through independent elec-
tronic mass ow controllers (MFCs) that can control the ow rate with an accuracy
of about 1 sccm. An automatic pressure controller (APC) is placed near the ex-
haust end of the chamber to control the chamber pressure. The ICP etching rate
is determined to be 7.5 nm/s associated with the conditions: the ow rate ratio
Cl2/Ar=10 sccm/25 sccm with the ICP source power, bias power set at 200 W/200
W and chamber pressure of 2.5 mTorr. The residual SiO2 layer is subsequently re-
moved by a buer oxide etchant (BOE). Figure 4.2(c) presents a scanning electron
microscope (SEM) image of the hole structures of a deep etched LED.
Highly ecient CdSe/CdS core/shell QDs [98] capped with hexadecylamine,Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 48
tri-n-octylphosphine oxide (TOPO), and tri-n-octylphosphine (TOP) are used as
colour-tunable light emitters in the hybrid structure. The hybrid colour-conversion
LEDs are prepared by drop casting the QDs onto the LED surface.
The QD and the QW photoluminescence decays at room temperature are
measured by a streak camera with 300 ps resolution. The hybrid structures are
excited at 400 nm by 100 fs pulses of frequency-doubled output from an amplied
Ti:sapphire oscillator. In electroluminescence (EL) measurements, the voltage ap-
plied to the heterostructures is controlled by a source-measure unit (Keithley 238)
and the electroluminescence is measured by a spectrometer (VS140 Jobin Yvon).
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Figure 4.3: Electroluminescence intensity of the deep etched LED at dierent
injection current.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 49
4.3 Results and discussions
Spectral overlap of the hybrid QD/deep etched LED structure at room temperature
is shown in gure 4.4, where the photoluminescence peaks of the LED and the QDs
are at 460 nm and 630 nm respectively. The absorption of the QDs strongly overlaps
with the LED emission which satises the requirement of resonant energy transfer.
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Figure 4.4: Spectral overlap of the hybrid QD/deep etched LED structure. The
LED (in blue) and the QD photoluminescence (in orange) is at 460 nm and 630
nm respectively. The red solid line is the QD absorption.
4.3.1 Electroluminescence of hybrid colour-conversion LEDs
In gure 4.3, EL intensity of a bare deep etched LED scales linearly with injection
current and saturates at high injection current. This result suggests the formation
of bound electron-hole pairs or excitons in the active layers of the LED. For deep
etched LEDs, surface etching process partly removes the active layers and inevitably
introduces surface states to the heterostructures. Consequently, deep etched LEDsChapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 50
emit less light than shallow etched LEDs (control devices) do at the same injection
current. As shown in gure 4.5, the EL intensity of the bare deep etched LED at 7
mA is comparable with that of the bare shallow etched LED at 3.8 mA.
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* Figure 4.5: QW emission of the bare shallow etched LED (blue dotted line) and
the bare deep etched LED (pink dotted line) at 3.8 mA and 7 mA respectively.
The blue solid line (pink solid line) represents EL of the corresponding hybrid
QD/shallow etched LED structure (hybrid QD/deep etched LED structure). Inset:
left (right) panel shows the emission of the QDs deposited on the shallow etched
(deep etched) LED.
In order to investigate the eect of resonant energy transfer on colour-
conversion eciency, the QD emission pumped by a deep etched LED is compared
with the QD emission pumped by a shallow etched LED. For the same EL inten-
sity of the bare LEDs, the QD emission pumped by deep etched LEDs is evidently
greater than the QD emission pumped by shallow etched LEDs. Insets of gure 4.5
show the emission of the QDs deposited on a shallow etched LED (left panel) and
on a deep etched LED (right panel). Colour-conversion eciency (c) is dened as
the ratio of the QD emission intensity in the hybrid structure (IH
QD) to the bare
QW emission intensity (IQW), c = IH
QD=IQW [13]. The average colour-conversionChapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 51
eciency of the hybrid QD/deep etched LED in the linear regime is 20%, i.e. 43%
increase from that of the hybrid QD/shallow etched LED.
We propose that the enhancement of QD emission in the hybrid QD/deep
etched LED structure is due to resonant energy transfer. Charge transfer through
the insulating ligands of QDs is inhibited due to the large band-oset between the
carriers in the QDs and surface molecules as well as between the QDs and the
QWs [99]. Eective resonant energy transfer eciency (
ET) is estimated from

ET = 1   IH
QW=IQW, where IH
QW is the emission intensity of QW donors in the
presence of QD acceptors. Here, 
ET is averaged over the entire active area including
both the area in which carriers undergo resonant energy transfer and the area in
which carriers do not. At low injection current, 
ET decreases as injection current
increases and remains constant at higher injection current (4 mA) as shown in
gure 4.6. It is proposed that the heating and the Coulomb screening at high
injection current lead to exciton dissociation and eventually the decrease of 
ET
[100]. Figure 4.6 also shows the average enhancement of the QD emission versus
the injection current of the deep etched LED, i.e. the ratio of the QD emission
pumped by the deep etched LED to that pumped by the shallow etched LED for
an injection current of the latter that produces the same QW emission intensity
with the deep etched LED in the bare conguration. Evidently, the enhancement
of the QD emission can be observed for all injection current and follows the trend
of energy transfer eciency.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 52
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Figure 4.6: Eective resonant energy transfer eciency (red circles) and en-
hancement of the QD emission (blue circles) at dierent injection current.
4.3.2 Photoluminescence decay of donors
To verify the existence of resonant energy transfer in the hybrid QD/deep etched
LED structure, transient carrier dynamics of the QWs (donors) are investigated.
The devices are excited at 400 nm with 100 fs pulses and a 250 kHz repetition rate.
Photoluminescence decays of the shallow etched and the deep etched LEDs at room
temperature are illustrated in gure 4.7(a) and 4.7(b) respectively. Figure 4.7(c)
shows a streak image and the energy window used to extract the QW photolumines-
cence decay. The QW photoluminescence decays of the shallow etched LED with
and without the deposited QDs are virtually identical. These results suggest that
resonant energy transfer does not occur in the QD/shallow etched LED structure
due to the large donor-acceptor separation distance (100 nm). Hence, the QD
emission is solely the eect of conventional radiative energy transfer. In contrast,
the QW photoluminescence decay of the deep etched LED changes after the QDChapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 53
deposition as shown in gure 4.7(b). The QW photoluminescence with deposited
QDs decays faster during the rst 4 ns and slower at later time compared to the
bare QW. The faster decay is attributed to an additional decay channel due to
resonant energy transfer. The slower decay at later time (t > 8 ns) is considered
to be the eect of surface passivation of the etched QW from the organic ligands of
the deposited QDs (kQW = 0:15 ns 1, kH
QW=0.12 ns 1).
Since resonant energy transfer decreases dramatically with increasing donor-
acceptor separation distance, not all electron-hole pairs in the QWs undergo reso-
nant energy transfer. Hence, the electron-hole pairs are categorised into two groups,
i.e. the ones contribute to resonant energy transfer and the ones do not. The QW
photoluminescence decay can be approximated with an exponential decay for the
rst 4 ns as shown in the inset of gure 4.7(b). To extract the actual resonant
energy transfer rate (kET) and the percentage of electron-hole pairs that undergo
resonant energy transfer, the QW photoluminescence decay with the deposited QDs
is tted with the following equation,
IH
QW(t) = Ae kQWt + Be (kQW+kET)t; (4.1)
where A and B are fractions of the electron-hole pairs that do not undergo and
undergo resonant energy transfer respectively and kQW = 0:18 ns 1 is the total
decay rate of the etched QWs taking into account the eect of surface passivation.
From the t, kET = 0:81  0:02 is obtained corresponding to the energy transfer
eciency of 82  3% and the number of the electron-hole pairs that experience
resonant energy transfer is estimated to be 18  0:1%. The transfer eciency of
65% was recently reported for a hybrid structure produced by drop casting colloidalChapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 54
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Figure 4.7: (a) QW photoluminescence decay of the shallow etched LED with
(green solid line) and without (red solid line) deposited QDs. (b) QW emission
decay of the deep etched LED with (green solid line) and without (red solid line)
deposited QDs. Dotted lines are ttings described in text. Inset shows the eect of
resonant energy transfer on the QW photoluminescence decay during early decay
period. (c) Streak image of the QW photoluminescence decay and the window
(red dashed line) used to extract the QW photoluminescence decay.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 55
QDs onto a single InGaN/GaN QW with a 2 nm capping layer [6]. Here, the close
proximity of the QDs to the QWs due to the patterned structures improves the
transfer eciency.
From an SEM image of the LED surface in gure 4.2, 3% of the electron-
hole pairs created in the active area would undergo energy transfer in static situation
assuming resonant energy transfer occurs within 10 nm from the etched interface.
However, diusion of the electron-hole pairs towards the etched interface should
be taken into account in the transfer process. A two-dimensional Monte Carlo
simulation is established to explore carrier dynamics in this system including carrier
diusion eects. In this model, the motion of electron-hole pairs in the active
layer is governed by thermal energy and the scattering with impurities or phonons
is described by scattering time (s). The QW decay rate (kQW) and the energy
transfer rate (kET) are obtained from the experiments above. The scattering time
of carriers in InGaN QWs is estimated from s = m=e, where m is the eective
mass, and  is the carrier mobility. The carrier mobility of InGaN/GaN quantum
wells varies in the literature [101, 102] leading to a broad value of the scattering
time. Nevertheless, for the scattering time in the range of 0.001 ps to 1 ps in the
simulation, 18% of the electron-hole pairs in the active layer undergo resonant
energy transfer. The results from the simulation are in good agreement with the t
of the experimental results.
Figure 4.8 shows the percentage of excitons in the QW that experience
resonant energy transfer for dierent energy transfer length. The energy transfer
length is dened as the average distance from the QW/air interface where excitons
within this length can undergo resonant energy transfer. The t in gure 4.7(b)Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 56
suggests that 18% of the excitons in the active layer undergo resonant energy
transfer which corresponds to the simulation result of 10 nm energy transfer length.
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Figure 4.8: Percentage of excitons that undergo resonant energy transfer for
dierent energy transfer lengths.
4.3.3 Photoluminescence decay of acceptors
The existence of resonant energy transfer in the hybrid QD/deep etched LED struc-
ture is demonstrated at the donor site by the faster photoluminescence decay of the
QW in the presence of the deposited QDs. Also the transient carrier dynamics
of the QDs (acceptors) are explored in order to have the conclusive demonstration.
Figure 4.9(a) and 4.9(b) show the photoluminescence decay of the QDs deposited on
the deep etched and shallow etched LEDs respectively. Obviously, the photolumi-
nescence intensity of the former is greater than the latter suggesting the occurrence
of resonant energy transfer in the hybrid QD/deep etched LED.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 57
Figure 4.9: Fluorescence decays of the QDs deposited on (a) deep etched LED
(b) shallow etched LED.
The normalised data of gure 4.9(a) is subtracted by those of gure 4.9(b)
and presented in gure 4.10(a). The additional carrier injection from the QWs
to the QDs via resonant energy transfer is presented by the blue area. A 20-nm
window centred at the QD emission peak, indicated by the green dashed line in
gure 4.10(a), is used to extract the average transient carrier dynamics of the QDs.
The peak in gure 4.10(b) suggests carrier injection from the QWs to the QDs.Chapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 58
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Figure 4.10: (a) Dierence of transient uorescence dynamics calculated from
the normalised data of gure 4.9(a) and 4.9(b). (b) The average dierence of
transient uorescence dynamics extracted from a 20 nm window centered at the
peak of QD emission. Dotted line is the tting described in text.
The transient carrier dynamics of the QDs deposited on the deep etched
LED is given by the following equation [8],
IH
QD(t) /
kET
kQD   kQW   kET

e (kQW+kET)t   e kQDt

; (4.2)
where kQD is the QD photoluminescence decay rate. By using the parameters
obtained from above experiments in table 4.1, the transient carrier dynamics can
be tted by the above equation verifying the occurrence of resonant energy transferChapter 4. Enhanced Colour-conversion Eciency in Hybrid LEDs 59
in the hybrid structure.
Parameter Value (ns 1)
kQW 0.18
kQD 0.35
kET 0.81
Table 4.1: Parameters used in the t of the QD photoluminescence decay in the
hybrid structure.
4.4 Conclusions
A novel colour-conversion LED consisting of a surface-patterned blue LED and
colloidal QDs oers a route to overcome the low carrier transfer of colloidal QDs.
Electrically injected carriers in the blue emitter are eciently transferred to the
adjacent QDs via resonant energy transfer in addition to conventional radiative
energy transfer. As a result, a twofold enhancement of the QD emission is achieved.
The existence of resonant energy transfer in the hybrid QD/deep etched
LED structures is veried by exploring transient carrier dynamics of the QWs and
the QDs. The increase of the QW photoluminescence decay rate is an indication of
resonant energy transfer. Moreover, the comparison of photoluminescence decays of
the QDs deposited on the shallow and deep etched LEDs suggests carrier injection
from the deep etched LED to the QDs via resonant energy transfer.Chapter 5
Photocurrent Enhancement in
Hybrid Light Harvesting
Devices
Despite the outstanding optical properties of colloidal QDs, the eciency of QD-
based PV cells has not exceeded that of Si-based PV cells. An inherent drawback
of colloidal QDs leading to the low eciency is known as their low carrier transfer.
In section 5.2, hybrid QD/patterned QW structures are designed and fabricated
to use in light harvesting applications. In the hybrid structure, highly absorbing
QDs absorb photons and transfer the excitation energy to a high-mobility patterned
QW via resonant energy transfer. Patterned structures are designed to bring the
colloidal QDs into close proximity with the QWs which leads to the enhancement
of energy transfer rate. Electron-hole pairs in the patterned QW are subsequently
separated by the built-in electric eld and collected by the corresponding electrodes.
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The investigated hybrid conguration releases potential of using colloidal QDs as
highly ecient absorbers in light harvesting devices, while overcoming their low
carrier transfer eciency.
In section 5.3, the patterned QW heterostructure is replaced by a patterned
bulk heterostructure. The semiconductor bulk heterostructure oers higher carrier
transport eciency than the QW heterostructure and leads to high performance
devices.
5.1 Nanostructuring by focused ion beam
A focused ion beam (FIB) is a high resolution tool widely used in various fabrication
areas such as circuit modication, sample preparation for transmission electron
microscopy (TEM) and nanostructure deposition. The operating principle of the
FIB is similar to that of the scanning electron microscope (SEM). While an electron
beam is used in the SEM, a focused beam of ions such as Ga+ is used in the FIB.
A schematic diagram of an FIB system is shown in gure 5.1. The Ga+ ions
created from a liquid metal ion source (LMIS) by application of high electric eld
are accelerated to energy of 10-50 keV and collimated by the rst electrostatic lens.
Astigmatism of the beam is corrected by the upper octupole. The beam current
and the resolution are adjusted by changing the size of a selectable aperture. High
current beam is suitable for a rough and fast milling whereas low current beam is
used when high resolution is required. The beam can be blanked by the blanking
plates placed after the aperture. The Ga+ beam is precisely controlled by the lower
octupole and is focused onto the sample by the second electrostatic lens.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 62
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Sample
Figure 5.1: Schematic diagram of a focused ion beam
As the energetic ions hit the sample, secondary particles such as neutral
atoms, ions and electrons are created. In the imaging mode, the ions or the elec-
trons are collected by biased detectors. Positively biased detectors are used to
collect secondary electrons whereas negatively biased detectors are used to collect
secondary ions. In the machining mode, the ion beam is scanned over the sample
with longer dwell time to make designed patterns.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 63
5.2 Photocurrent enhancement in hybrid QD/patterned
QW heterostructures
5.2.1 Materials and methods
Figure 5.2(a) presents a schematic diagram of a heterostructure fabricated at Uni-
versity of Nottingham. The heterostructure is grown by molecular beam epitaxy
(MBE) on a (100) GaAs substrate and fabricated into p-i-n devices of 400 m
diameter. A 1 m thick layer of n-doped GaAs is grown on the GaAs substrate
followed by a 100 nm thick layer of undoped Al0:4Ga0:6As. Undoped multiple QW
layer is subsequently grown before the deposition of a 100 nm thick layer of un-
doped Al0:4Ga0:6As and a 500 nm thick layer of p-doped Al0:4Ga0:6As. The active
layer contains 20 periods of 7.5 nm thick GaAs wells and 12 nm thick Al0:4Ga0:6As
barriers. The heterostructure is nalised by a 250 nm thick layer of p-doped GaAs.
The top contact of the structure is an open circular mesa. The energy band of the
heterostructure is shown in gure 5.2(b).
In gure 5.3(a), an 8080 m2 array of rectangular channels is fabricated
on the top surface of the heterostructure penetrating through the QW layers by
using focused Ga+ ion beam (FIB). The channels are 570 nm wide and 1.4 m deep
and separated by 1.5 m wide rectangular bars as shown in the top inset of gure
5.3(a). Colloidal CdSe/CdS core/shell QDs are synthesised by an organometallic
method [98]. The QDs are capped with hexadecylamine, tri-n-octylphosphine oxide
(TOPO), and tri-n-octylphosphine (TOP) and eventually dissolved in chloroform.
The hybrid structure is fabricated by drop casting the colloidal QDs on the pat-
terned heterostructure. The bottom inset of gure 5.3(a) shows an SEM image of theChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 64
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Figure 5.2: (a) Schematic diagram of the semiconductor heterostructure. The
heterostructure consists of 20 periods of 7.5 nm thick GaAs wells with 12 nm thick
AlGaAs barriers. (b) Energy band of the heterostructureChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 65
patterned heterostructure after the QD deposition. A control device is constructed
by depositing the colloidal QDs on the top surface of a at heterostructure.
Figure 5.3: (a) Scanning electron microscope (SEM) images of the patterned
heterostructure. The top and the bottm right insets are the magnied images of
the channels before and after the QD deposition respectively. (b) Schematic of the
hybrid patterned device where the channels are partially lled with the QDs.
To measure photoluminescence decays of the heterostructures and the col-
loidal QDs, time-correlated single photon counting (TCSPC) technique with 40 ps
resolution is used together with a monochromator and additional optical lters to
spectrally resolve the spectra. The heterostructure is installed in a sample holderChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 66
which has electrical contacts to connect the p-i-n heterostructure and the photocur-
rent measurement units. The sample holder is attached to a cold nger in a close
cryostat in which the temperature can be varied from 25 K to room temperature.
5.2.2 Results and discussions
Figure 5.4 shows the emission and the absorption of the QDs. The emission peak
is 610 nm at 25 K. Photocurrent of the heterostructure illustrates the heavy hole
and light hole peaks together with the peak of the AlGaAs topmost barrier (585
nm). The QW emission (780 nm) is also shown in gure 5.4. The QDs are
deliberately chosen to have the emission energy slightly less than the energy gap of
AlGaAs in order to create energetic carriers in the heterostructure. The possibility
of the energetic carriers to escape the QWs is greater than the low energy carriers.
Therefore, relatively high carrier extraction is expected by using these QDs.
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Figure 5.4: Spectral overlap of the hybrid structure. The QD uorescence is
in orange and the blue solid line is the QD absorption. The green dotted line is
the photocurrent of the heterostructure at 25 K. The QW photoluminescence is
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During the patterning process, surface states are inevitably introduced to
the heterostructures, specically at the channel facets. The surface states are known
to trap the QW carriers resulting in the increase of nonradiative recombination rate.
Consequently, as shown in gure 5.5 the total QW decay rate, ktot = krad+knon, in-
creases where krad and knon are radiative and nonradiative decay rates respectively.
Surface states become crucial as the dimensionality of materials decreases, partic-
ularly in colloidal QDs, due to the increase of the ratio between surface atoms and
bulk atoms. It has been reported that the surface states of colloidal QDs can be pas-
sivated by organic capping layers such as tri-n-octylphosphine oxide (TOPO) and
tri-n-octylphosphine (TOP). Recently colloidal QDs with quantum yield reaching
100% were successfully achieved [103].
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Figure 5.5: QW photoluminescence decays of the at (solid black line) and
patterned (solid red line) heterostructure at 25 K.
5.2.2.1 Photoluminescence decay of donors
To verify the existence of resonant energy transfer in the hybrid patterned structure,
photoluminescence decay of the colloidal QDs (donors) deposited on the patternedChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 68
heterostructure is measured by using TCSPC technique with 400 nm excitation
wavelength and compared with photoluminescence decay of the QDs deposited on a
glass substrate at 25 K as shown in gure 5.6(a). The photoluminescence decay rate
of the former is evidently higher than that of the latter. The faster decay indicates
an additional decay channel from the QDs to the QWs via resonant energy transfer.
Hence, the QD photoluminescence decay rate in the hybrid structure (kH
QD) is given
by kH
QD = kQD + kET, where kQD and kET are QD photoluminescence decay rate
and resonant energy transfer rate respectively.
In order to estimate the resonant energy transfer eciency in the hybrid
structures, a carrier dynamics model is established. Since resonant energy transfer
is proportional to the donor-acceptor separation distance, only the QDs close to the
channel facets experience resonant energy transfer. Therefore, the QDs deposited
on the patterned heterostructure are categorised into two groups, the QDs that ex-
perience resonant energy transfer and the ones that do not. The photoluminescence
decay of the QDs deposited on a glass substrate can be described by biexponen-
tial decay. The photoluminescence decay of the QDs deposited on the patterned
heterostructure can be described by:
I(t) =
X
i=1;2
Ai  e
 kH
QDit +
X
i=1;2
Bi  e kQDit; (5.1)
where i = 1 and 2 dene the fast and slow components respectively. The rst
two terms correspond to the photoluminescence decay of the QDs that undergo
energy transfer and the other terms correspond to the photoluminescence decay
of the QDs that do not contribute to the energy transfer. Figure 5.6(b) shows
the photoluminescence decay of the QDs deposited on a glass substrate comparedChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 69
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Figure 5.6: (a) Fluorescence decays of the QDs deposited on a glass substrate
(black solid line) and on the patterned heterostructure (red open circles). The red
dashed and the black dotted lines are tting curves of the QD uorescence on a
glass substrate and on the patterned heterostructure respectively. (b) Fluorescence
decay of the QD deposited on a glass substrate (black solid line) and on the at
heterostructure (pink solid line).
to that of the QDs deposited on a at heterostructure. The decays are virtually
identical suggesting the interdot energy transfer of the QDs on both materials can
be estimated to be the same. Since the energy transfer rate scales linearly with
quantum yield of the donors, i.e. the QDs, the relationship between the energy
transfer rate and the QD photoluminescence decay rate is given by kET1
kET2 =
kQD1
kQD2.
By tting the photoluminescence decay of the QDs deposited on the patternedChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 70
heterostructure with equation 5.1 (kQD1 = 0:9 ns 1 and kQD2 = 0:2 ns 1), the
energy transfer eciency of 79% is obtained. The high transfer eciency in this
work is explained by the close proximity of the donors and acceptors. The QDs
that experience resonant energy transfer is estimated from the tting to be 80%
suggesting a thin layer of the QDs is deposited on the patterned structure.
5.2.2.2 Photoluminescence decay of acceptors
QW photoluminescence decays are measured in order to further investigate carrier
dynamics in the hybrid structures. The heterostructures are excited at 584 nm
and a monochromator together with appropriate optical lters is used to spectrally
resolve the QW photoluminescence. Photoluminescence decays of the patterned het-
erostructure with and without colloidal QD deposition are shown in gure 5.7(a).
Evidently, the rise time of the patterned QW emission is longer in the presence of
the QDs. The extended rise time can be attributed to carrier injection from the
QDs to the QWs via resonant energy transfer. Another important point of these
measurements is the alteration of the QW photoluminescence decay at later time
(t > 1 ns). The photoluminescence decay rate of the hybrid patterned heterostruc-
ture (kH
QW) is 16% slower than that of the bare patterned structure (kQW), kQW =
2.13 ns 1 and kH
QW = 1.78 ns 1. The slower decay rate at later time is attributed to
the passivation of the surface states in the patterned heterostructure by the organic
ligands of the colloidal QDs used here. The comparison of the late photolumines-
cence decay of the hybrid patterned heterostructure and the at heterostructure is
shown in gure 5.7(b). The decays are virtually identical within 1% variation sug-
gesting that the QDs passivate the surface states in the patterned heterostructure
and eliminate the nonradiative recombination centres introduced in the patterningChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 71
process. Although the nature of the passivation is not fully understood, the car-
rier dynamics in the QW suggest the elimination of the nonradiative recombination
centres.
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Figure 5.7: (a) QW photoluminescence decay of the bare patterned heterostruc-
ture (solid red line) and the hybrid patterned structure (solid blue line) at 25 K.
The red dashed line presents the tting given by equation 5.4. (b) QW photolu-
minescence decay of the hybrid patterned structure (solid blue line) and the at
heterostructure (black solid line) at 25 K.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 72
Carrier dynamics in the hybrid structure can be described by the following
set of equations:
dNQDi
dt
=  kQDiNQDi   kETiNQDi; (5.2)
dNQW
dt
=  kQWNQW +
X
i
kETiNQDi + f(t); (5.3)
where f(t) is the direct optical pumping. These equations can be solved analytically
and the QW photoluminescence decay in the presence of deposited QDs is given by:
I(t) =
X
i=1;2
NQDi(0)kETi
kQW   kQDi   kETi

e (kQDi+kETi)t   e kQWt

+ f(t); (5.4)
where NQDi(0) is the initial population of the deposited QDs. In gure 5.7(a), the
experimental photoluminescence decay of the QW in the hybrid structure can be
described by this analytical solution where the tting parameters presented in table
5.1 are obtained from the above measurements.
Parameter Value (ns 1)
kQW 2.1
kQD1 0.9
kQD2 0.2
kET1 3.5
kET2 0.6
Table 5.1: Parameters used in the t of the QD photoluminescence decay in the
hybrid structure.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 73
5.2.2.3 Photocurrent enhancement
The benet of resonant energy transfer in the hybrid patterned structure is revealed
by comparing photocurrent of the hybrid patterned and the hybrid at structures.
The heterostructures are excited at 400 nm with 100 fs excitation pulses of a 250
kHz repetition rate by an optical parametric amplier (OPA). The excitation wave-
length is chosen to minimise the eect of the direct excitation on the photocurrent.
The laser beam is focused to a spot size (40 m) smaller than the pattern in the
heterostructure. Photocurrent of the at heterostructure is mainly generated from
the traditional radiative energy transfer since the separation distance between the
QD layer and the QWs is large (850 nm) resulting in no contribution of reso-
nant energy transfer to the photocurrent. In contrast, resonant energy transfer is
expected to aect photocurrent of the hybrid patterned structure considering pho-
toluminescence data of the QDs and the QWs in the previous sections. As shown in
gure 5.8, photocurrent of the hybrid patterned structure is evidently higher than
that of the hybrid at structure.
Photocurrent (I) of the hybrid at structure scales linearly with the pump
uence (P), I / acP, where ac is power conversion constant. Whereas photolumi-
nescence intensity of the QDs deposited on a glass substrate demonstrates linear
behaviour with the pump uence as shown in the inset of gure 5.8, the photocur-
rent of the hybrid patterned structure shows saturation behaviour for the pump
uence higher than 60 J/cm2. The photocurrent saturation here is attributed to
the non-linearity of the QWs such as non-linear absorption [104, 105]. Photocur-
rent of the hybrid patterned structure can be described by I = Is
 
1   e aHP
,
where Is and a 1
H = 76.9 J/cm2 are the saturation photocurrent and the thresholdChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 74
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Figure 5.8: Pump uence dependence of the photocurrent of the hybrid pat-
terned (red circles) and the at-control structure (black squares). The inset shows
the pump uence dependence of the QD uorescence intensity.
power respectively. For linear regime of the photocurrent, the enhancement of the
photocurrent conversion eciency is given by (Is  aH)=ac = 6. The existence of
resonant energy transfer in the hybrid patterned structure obviously improves the
photocurrent conversion eciency.
The contribution of resonant energy transfer and conventional radiative en-
ergy transfer to photocurrent of the patterned heterostructure can be estimated
from kET
kQDQQD, where QQD is the quantum yield of the QDs. By using the param-
eters obtained from the experiments and QYQD  40% for the QD used here, the
contribution of the resonant energy transfer is 10 times higher than that of the
conventional radiative energy transfer.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 75
5.2.3 Summary
A hybrid structure consisting of colloidal QDs and a patterned QW heterostructure
is designed and fabricated to use in light harvesting applications. By engineering
the QD emission and the heterostructure absorption, photogenerated excitations in
the QDs can be transferred to the heterostructure via resonant energy transfer. The
close proximity of the QDs to the active layers of the patterned heterostructure oers
ecient resonant energy transfer. Photoluminescence decays of the QWs and the
QDs demonstrate the conclusive evidence of resonant energy transfer in the hybrid
patterned structures. Consequently, a sixfold enhancement of the photocurrent
conversion eciency is achieved.
5.3 Photocurrent enhancement in hybrid QD/patterned
bulk heterostructures
5.3.1 Materials and methods
Figure 5.9(a) presents a schematic diagram of a semiconductor heterostructure fab-
ricated at University of Nottingham. The heterostructure is grown by molecular
beam epitaxy (MBE) on a (100) GaAs substrate. A 2.3 m thick layer of n-doped
GaAs is grown on the substrate followed by a 1 m thick undoped-GaAs layer
and a successive 500 nm thick p-doped GaAs layer. A 43 nm thick layer of p-
doped Al0:4Ga0:6As layer is subsequently grown before the top layer of 220 nm
thick p-doped GaAs. The heterostructure is fabricated into circular mesas of 400
m diameter with the top metal contact attached to the p-doped GaAs layer andChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 76
the second contact attached to the n-doped GaAs layer. Figure 5.9(b) illustrates
SEM images of the patterned heterostructure. Channels of 300 nm wide and 1.8
m deep separated by 1.9 m wide bars are fabricated on the p-i-n heterostructure
by a focused Ga+ ion beam (FIB). Water soluble CdTe QDs capped with mercapto-
propionic acid (MPA) are prepared by aqueous synthesis method [106]. The hybrid
patterned device is prepared by drop casting the QDs on the patterned heterostruc-
ture. The QDs are also deposited on an unpatterned heterostructure to use as a
control reference.
Current-voltage characteristics of the hybrid structure is measured by using
a Keithley 238 source-measure unit (SMU). A HP-VEE program is written to control
the SMU for current-voltage measurements and save data to a computer.
5.3.2 Results and discussions
As the active layer of the heterostructure is partly removed to fabricate the channels,
surface states are inevitably introduced to the heterostructure in the patterning pro-
cess. The surface states serve as recombination centres or carrier traps that lead to
the decrease of photocurrent in the patterned heterostructure. Photoluminescence
decays of the heterostructure before and after patterning at 25 K are presented in
gure 5.10. The decay time of the heterostructure decreases from 1 ns in the unpat-
terned structure to 250 ps in the patterned structure demonstrating the occurrence
of surface states in the patterned structure. Consequently, photocurrent of the het-
erostructure decreases 84% after the channel patterning, i.e. Ipattern = 1 A,
Iflat = 6:7 A at 570 nm excitation.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 77
Figure 5.9: (a) Schematic diagram of the bulk heterostructure. (b) Scanning
electron microscope (SEM) images of the patterned heterostructure. The inset
shows the magnied image of the channels.
Since energy transfer rate (kET) is inversely proportional to the donor-
acceptor separation distance, the resonant energy transfer rate decreases rapidly
as the donor-acceptor separation distance increases. Therefore, carrier generation
associated with resonant energy transfer takes place only within few nanometres
from the top surface of the control device. Moreover, at 220 nm below the top
surface there is a 43 nm thick layer of AlGaAs that hinders electrons generated inChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 78
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Figure 5.10: Photoluminescence decays of the at (black solid line) and pat-
terned (red solid line) heterostructures at 25 K.
the topmost layer to transport to the cathode. Hence, there should be no eect of
resonant energy transfer on the photocurrent of the control structure. In contrast,
owing to the channel structures, QDs are brought in close proximity to the active
layer of the patterned heterostructure allowing for resonant energy transfer in the
hybrid patterned device.
Another factor playing an important role in resonant energy transfer rate is
the spectral overlap () between the donor emission and the acceptor absorption,
i.e. kET scales linearly with . Figure 5.11 shows the overlap between the QD
emission and the photocurrent of the heterostructures where the emission peak of
the QDs is around 758 nm at room temperature. Back energy transfer from the het-
erostructure to the QDs is inhibited considering the emission of the heterostructure
and the absorption of the QDs. Furthermore, charge transport from CdTe QDs to
GaAs heterostructures is prevented by the energy band oset of the QDs and the
heterostructures.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 79
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Figure 5.11: Spectral overlap of the hybrid structure at room temperature. The
QD uorescence is illustrated in pink and the QD absorption is plotted in the blue
solid line. The green dotted line presents the photocurrent of the heterostructure.
To measure photocurrent of the hybrid structures, the hybrid structures are
excited at 570 nm by an optical parametric amplier (OPA) with 100 fs pulse width
and a 250 kHz repetition rate. The excitation wavelength is chosen to minimise the
eect of the direct excitation to photocurrent. The current-voltage characteristics
of the bare patterned heterostructure and the hybrid patterned structure at 25 K
and room temperature are shown in gure 5.12. Evidently, photocurrent of the
hybrid patterned structure is higher than photocurrent of the bare patterned het-
erostructure. The higher photocurrent is attributed to resonant energy transfer in
the hybrid patterned structure as discussed in the previous section. The advantage
of the bulk heterostructure studied here over the QW heterostructure used in pre-
vious section is its higher carrier transport. In the case of the QW heterostructure,
low energy carriers may be trapped in the QWs whereas the high energy carriers
may experience phonon scattering resulting in the photocurrent reduction. In con-
trast, there is no such an obstruction in the bulk heterostructure. The QD emission
energy is chosen in close proximity to the band edge of the bulk heterostructure inChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 80
order to decrease the possibility of phonon scattering. As a result, the photocurrent
of the hybrid bulk heterostructure is about two orders of magnitude higher than
that of the hybrid QW heterostructure.
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Figure 5.12: Current-voltage characteristics of the bare heterostructure (blue
dashed line) and the hybrid patterned structure (red solid line) at (a) 25 K and
(b) room temperature.
Photocurrent enhancement of the hybrid structure is given by H = Ihybrid=Ibare
where Ihybrid and Ibare are photocurrents of the hybrid and the bare structure re-
spectively. From data in table 5.2, the photocurrent enhancement of the hybridChapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 81
patterned structure (Hp = 3:00) is higher than the enhancement of the hybrid at
structure (Hf = 1:12) at 25 K suggesting the occurrence of nonradiative energy
transfer in the former. The slight increase of photocurrent in the hybrid at struc-
ture is attributed to the conventional radiative energy transfer. Resonant energy
transfer should have no eect on the photocurrent of the control device due to the
large donor-acceptor separation distance. The photocurrent enhancement of the
hybrid patterned slightly decreases at room temperature (Hp = 2:44) as a result of
the reduced quantum yield of the QDs. Nevertheless, the photocurrent enhance-
ment of the hybrid patterned structure still exceeds the enhancement of the hybrid
control structure (Hf = 1:07). The corresponding monochromatic power conversion
eciency () of the hybrid device illuminated at 570 nm at 25 K and room tem-
perature is determined from their current-voltage characteristics in gure 5.12 and
shown in table 5.2. The power conversion eciency is given by  = ImVm
Pi , where Im
and Vm are current and voltage that give maximum output power and Pi is input
power from the light source. The enhancement of the power conversion eciency
provides further conrmation of the benets oered by engineering nonradiative
energy transfer in the hybrid device.
Although the photocurrent enhancement of the hybrid patterned structure
is higher than that of the control structure, the photocurrent per excitation area
of the former is lower than that of the latter. The surface states introduced to the
heterostructures in the patterning process are crucial to the eciency of the hybrid
structures. In the hybrid QD/patterned QW structure discussed in the previous
section, the CdSe/CdS QDs capped with hexadecylamine, tri-n-octylphosphine ox-
ide, and tri-n-octylphosphine can passivate the surface states at the channel facets
and a sixfold increase of photocurrent conversion eciency is demonstrated. Here,Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 82
25 K RT
Sample description I  I 
(A) (%) (A) (%)
Bare patterned heterostructure 1.04 0.33 1.25 0.06
Hybrid QD/patterned heterostructure 3.14 1.13 3.05 0.26
Bare at heterostructure 6.70 1.86 10.14 1.58
Hybrid QD/at heterostructure 7.52 2.55 10.88 1.76
Table 5.2: Photocurrent and monochromatic power conversion eciency at 570
nm excitation wavelength.
although the deposited QDs oer improved spectral overlap with the heterostruc-
ture, no passivation of the surface states is achieved exemplifying the specicity of
the surface chemistry driven by the surface ligands and the solvent of the colloidal
QDs.
There are several ways to improve the eciency of the hybrid QD/patterned
bulk heterostructures. For instance, the channel width and the size of the bars
separated the channels can be optimised in order to increase the photocurrent.
Photocurrent of the hybrid patterned structure can also be improved by engineering
the top metal contact so that the photogenerated carriers can be collected more
eciently.
5.3.3 Summary
A hybrid colloidal QD/patterned bulk heterostructure is designed and fabricated
to use in light harvesting applications. High absorption of colloidal QDs is utilised
while their low carrier transfer eciency is circumvented by using this conguration.Chapter 5. Photocurrent Enhancement in Hybrid Light Harvesting Devices 83
The advantage of the bulk heterostructure over the QW heterostructure used in the
previous section is its higher carrier transport. The measured photocurrent increases
signicantly both at low temperature (25 K) and room temperature after depositing
the QDs onto the bare patterned heterostructure and a threefold enhancement of
photocurrent is observed demonstrating the potential of the proposed scheme in
light harvesting applications.Chapter 6
Conclusions
The integration of dierent types of materials into a hybrid structure provides a
novel device possessing desirable properties of the individual constituent materials.
Although materials such as organic polymers and colloidal QDs have excellent op-
tical properties, they are known to have low carrier transfer eciency. In contrast,
semiconductor crystals have relatively high carrier mobility. By using the hybrid
structure scheme, a device with superior optical and electrical properties can be
achieved. Nevertheless, the ecient way to couple the constituent materials in a
hybrid device remains challenging. Resonant energy transfer has been proposed to
be an ecient mechanism to couple excitation states between materials of dierent
classes such as the hybridisation of Frenkel excitons found in molecular materials
and Wannier-Mott excitons found in semiconductor crystals. Hence, this thesis
is focused on improving the performance of optoelectronic devices such as hybrid
colour-conversion LEDs and hybrid PV cells by utilising resonant energy transfer.
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A hybrid organic/inorganic semiconductor heterostructure where near-infrared
cyanine dyes are deposited on the surface of a GaAs single QW is studied. The en-
ergy bands of the QW (donor) and the cyanine dyes (acceptors) are engineered
so that the optical excitation energy of the QW can be transferred to the organic
emitters via resonant energy transfer. The occurrence of resonant energy transfer in
this hybrid structure is demonstrated at both donor and acceptor sites. The faster
photoluminescence decay of the QW and the slower rise time of the cyanine dyes
in the hybrid structure indicate an additional decay channel from the QW to the
organic emitters.
In order to consider the hybrid structures as a practical lighting device, op-
tical pumping should be replaced with electrical injection and high quality light
in the visible region is required for rendering the true colour of objects. Hence,
electrical injection is integrated into a hybrid structure consisting of colloidal QDs
and a surface-patterned GaN-based LED. The emission of the hybrid structure
can be simply chosen by changing the size or material compositions of the QD
emitters. As a result of the close proximity of the donor and the acceptor in this
surface-patterned conguration, the resonant energy transfer rate is improved. Con-
sequently, a twofold enhancement of QD emission is demonstrated.
The second part of this thesis presents the studies of hybrid light harvesting
devices. The concept of the hybrid device is to use a combination of colloidal QDs
and semiconductor heterostructures where highly absorbing QDs and high carrier
mobility heterostructures serve as photon absorbers and carrier transport media
respectively. The emission energy of the QDs is tuned to the absorption spec-
trum of the heterostructures so that excitation energy of the QDs can be ecientlyChapter 6. Conclusions 86
transferred to the heterostructures via resonant energy transfer. After the transfer
process, electron-hole pairs in the heterostructure are subsequently separated by
the built-in electric eld and collected by the corresponding electrodes.
To improve the resonant energy transfer rate, an array of rectangular chan-
nels is fabricated by a focused ion beam on the heterostructure surface penetrating
through its active layers and subsequently lled with colloidal QDs. With this con-
guration, the QD donors are brought in close proximity to the active layers of
the heterostructure. A sixfold enhancement of photocurrent conversion eciency
is demonstrated for the hybrid QD/patterned QW structure compared to a hybrid
QD/at QW structure suggesting the existence of resonant energy transfer in the
former whereas the transfer process in the latter is only conventional radiative en-
ergy transfer. The existence of resonant energy transfer is evidently conrmed by
time-resolved photoluminescence decays of the hybrid device.
Photocurrent of the hybrid structure is further improved by replacing the
QW heterostructures with a bulk heterostructure. In the case of hybrid QW struc-
ture, carriers may be trapped by the QWs before collection by the electrodes: con-
versely, carrier transport is better for the bulk heterostructure. Moreover, the QD
emission energy is tuned to the band edge of the bulk heterostructure in order to
avoid nonradiative recombination of the energetic carriers in the heterostructure.
Consequently, the photocurrent of the hybrid bulk heterostructure is about two
orders of magnitude higher than that of the hybrid QW heterostructure.List of Publications and Conferences 87
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Figure A.1: Schematic diagram of the two-dimensional Monte Carlo simulation
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A two-dimensional Monte Carlo simulation is established to investigate car-
rier dynamics under the eects of resonant energy transfer. The active layers of
the deep etched LED shown in gure 4.2(a) is simplied to a two-dimensional layer
with its dimensions corresponding to the perimeter percentage determined from
the SEM image in gure 4.2(c). Carriers initially generated at random positions
on the active layers move with thermal energy and randomly scatter with scatter-
ing centres. The direction of the carriers changes randomly after each scattering
event. The resonant energy transfer length (RET length) is dened as the distance
from the active layer/colloidal QD interface. Carriers at positions further than the
RET length may recombine radiatively or nonradiatively following its intrinsic re-
combination rate whereas carriers at positions shorter than the RET length may
additionally undergo resonant energy transfer. During the simulation, the number
of carriers decaying either by intrinsic recombination or resonant energy transfer is
recorded.Appendix A. Carrier Dynamics Modelling under Resonant Energy Transfer 91
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Figure A.2: Flow chart of the two-dimensional Monte Carlo simulationBibliography
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